We present the complete electroweak one-loop corrections to the partial widths for two-body decays of a chargino (neutralino) into a W -boson and a neutralino (chargino). We perform the calculation for the minimal and the next-to-minimal supersymmetric standard model using an on-shell renormalization scheme. Particular attention is paid to the question of gauge invariance which is achieved using the so-called pinch technique. Furthermore we show that these corrections show a strong parameter dependence and usually are in the range of 1-10 percent if the neutralino involved is a higgsino or wino like state. However, in case of a bino-like or a singlino-like neutralino the corrections can go up to 50% and more. Moreover we present the public program CNNDecays performing these calculations.
Introduction
A new energy frontier has been opened with the start of the LHC, namely the exploration of the tera-scale. An important part of the experimental program of the LHC is the search for supersymmetric particles [1, 2, 3] . If they are indeed found, the determination of the underlying parameters will then be among the main tasks. Here the properties of neutralinos and charginos will play an important role as they occur in various steps in the cascade decays of squarks and gluinos which can be copiously produced at the LHC. These investigations will then most likely be complemented and continued at a prospective future linear collider (ILC) [4, 1] and/or at a multi-TeV collider such as CLIC [5] .
The two-body decay of a chargino (neutralino) into a W -boson and a neutralino (chargino) is one of the most important modes if kinematically allowed [6, 7, 8] . The determination of the corresponding branching ratio can give important information on the nature of the chargino and neutralino involved and therefore one will need at least an ILC for its precise value. This is one of the reasons to investigate the one-loop corrections to this decay mode. We will see below that the corrections can be as large as the LO decay width in certain regions of parameters space. A second important aspect is the question how to perform the complete electroweak corrections in a gauge invariant way. These decay modes offer an ideal play ground to tackle the technical questions involved.
We will use an on-shell renormalization scheme for masses and couplings. The on-shell renormalization of the mass matrices of charginos and neutralinos in the minimal supersymmetric standard model (MSSM) was first discussed in [9, 10] and extensively addressed in [11] . Moreover, electroweak corrections for these decays taking only into account third generation squarks and quarks within the MSSM have been calculated in [12] . Corrections of up to 10% have been found there. Note, that for these corrections gauge invariance is not an issue.
We will work in the general linear R ξ -gauge. An important aspect will be the question how to renormalize the mixing matrices of charginos and neutralinos, since it is already known from the Standard Model that the on-shell renormalization prescription according to [13, 14] leads to a gauge dependent CKM-matrix [15] which in turn implies a gauge dependence of processes like t → W b at next-to-leading order level [16] .
Since then, some papers proposed different solutions to the problem addressed above: whereas [17] argued that missing absorptive parts due to the unstable nature of the external particles have to be included in the calculation, [16] proposed a method on how to construct a gauge invariant counterterm for the mixing matrices inspired by the pinch technique [18] , which defines gauge independent form factors for gauge bosons. Another perspective is presented in [19] , where the gauge-variant on-shell renormalized mixing matrix is related to a gauge independent one in a generalized MS scheme of renormalization.
For the special case of the CKM matrix different methods were discussed in the literature: [15] proposed to set the momenta of the non-diagonal entries of the quark self-energies to zero, [20, 21, 22] suggested new variants of renormalization in particular for the mixing matrices themselves partially based on physical processes which allows one to get gauge independent decay widths. For lepton or neutrino mass matrices also [23, 24] proposed useful renormalization conditions allowing gauge independent results.
In this paper we will apply the technique presented in [16] . The technical features are the same for the MSSM and the next-to-minimal one (NMSSM). As for the processes under consideration the MSSM is a trivial sub-class of the NMSSM in the limit of heavy singlet states we will perform the calculation right from the start in the NMSSM. The paper is organized as follows: in Section 2 we fix our notation for both models and in Section 3 we summarize the tree-level results for the mass matrices of charginos and neutralinos as well as the tree-level decay widths forχ
The virtual one-loop contributions and real corrections including the question of gauge invariance are discussed in Section 4. We present our numerical result in Section 5 and in Section 6 our conclusions.
Appendix A contains the generic formulas for the matrix element contributions of the vertex corrections. In Appendix B we give the formulas for the the real corrections which are non-factorizable as the higgsinos form a vector-like SU(2) gauge state. The usage of the R ξ -gauge implies that all possible derivatives of the two-point one-loop functions show up in the calculation. Some of them are to our knowledge not available in analytical form in the literature and, thus, we provide them for completeness in Appendix C. In Appendix D we present the program CNNDecays for the numerical evaluation of these corrections.
The models
In this section we fix the notation for the models considered, the MSSM [25] and the NMSSM [26] . Detailed formulas for mass-matrices and couplings can be found in [25, 27] . Both model have in common the Yukawa part of the matter superfields coupled to the SU(2)-doublet Higgs fields
where ǫ ab is the complete antisymmetric SU(2) tensor with ǫ 12 = 1. In case of the MSSM the µ-term is added and the total superpotential reads as
whereas in the NMSSM the Higgs doublets are coupled to a gauge singlet superfieldŜ
If the scalar component of the gauge singletŜ gets a vacuum expectation value
v S an effective µ-term is generated
In this way one gets µ naturally of the order of the electroweak scale [26] . To complete the models one has to add the soft-SUSY breaking terms, where the part common to both models reads as 1 :
with a, b = 1, 2 as summation indices. The complete soft-SUSY breaking potential of the MSSM is then given by V
and the NMSSM one by
1 We use the notation of [28, 29] . 
Tree-level results
Here we collect the tree-level results which form the basis for the one-loop corrections considered in the subsequent sections.
Masses of Charginos and Neutralinos
Using Weyl spinors in the basis (ψ
) the chargino mass matrix is given in both models by
The mass eigenstates are obtained by two unitary matrices U and V
and
such that the mass eigenvalues are given by:
is the Dirac spinor given byχ
For the neutralinos we obtain in the basis
where j = 4(5) in case of the MSSM (NMSSM). The masses are ordered as mχ0 i ≤ mχ0 j for i < j and we have chosen N such that all mass eigenvalues are positive. This implies that in general the matrix N is complex. Useful checks can be performed if one goes in case of real parameters to a basis where N is real. Then one or more of the mass eigenvalues get negative and the mass ordering applies to their moduli. For completeness we note thatχ 0 i is the 4-component spinor given byχ
Decay widths
The partial widths for the decaysχ
In both models the couplings are given by:
The widths have the form
where m i (m o ) is the mass of the mother (daughter) particle and M T is the tree-level matrix element. Explicitly they are given by Figure 1 : Generic self-energy diagrams for gauge bosons. 
One loop results
We discuss the one-loop corrections in the context of the NMSSM as it contains the MSSM in the limit of very heavy gauge singlet states. There are no technical differences for the decays considered as the gauge parts of both models coincides. The one-loop corrected (renormalized) amplitude(s) M can be expressed as
where M V contains the vertex corrections and M W V is the sum of the wave-function corrections and counterterms. Moreover we consider finite mass shifts mχ±0
for the charginos and neutralinos at the one-loop level, since the number of physical parameters is smaller than the number of masses.
Wave-function and coupling renormalization
General formulas for the wave-function renormalization of supersymmetric particles can be found e.g. in [30] . Here we summarize the most important points related to the decay under consideration and discuss in particular the problem of gauge invariance. We work in a linear R ξ gauge given by
7 with
The inverse propagator of the vector bosons is given at tree-level by
with V = W, Z and the transverse and longitudinal projectors are defined as:
The multiplicative renormalization of the bare parameters is done in the following form:
The Z ξ s are fixed by the conditions that propagators mixing the Goldstone bosons with the vector bosons vanish [31] and will not be discussed further here as they are not needed in the subsequent discussion. The vector boson propagator then reads at the one-loop level
where
are the contributions obtained from the one-loop graphs whose generic structures are shown in Figure 1 .
We require an on-shell renormalization for the vector bosons, e.g. that the pole of the propagator occurs at the physical mass and that its residuum is one. This yields the conditions
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Note, that the Re applies only to the one-loop functions but not to the couplings. Finally one gets:
Moreover one has to fix the renormalization of the couplings e and g and the cos of the Weinberg angle cos θ W :
e → δZ e e = (1 + δZ e )e = e + δe (36)
Not all of these quantities are independent of the mass renormalization and one obtains [14] :
In case of charginos and neutralinos the mixing effects have to be taken into account. The fact, that both sectors together have less parameters than mass eigenstates, leads to additional finite shifts and has been discussed in detail for the MSSM in [9, 10, 33] being relevant for the calculation of NLO masses. Before addressing this topic we first present the principal idea of the wave-function renormalization for mixed fermions and discuss gauge invariance in all detail. For the wave-function and mass renormalization one needs
It is well known that the wave-function renormalization constants of the neutralinos and charginos satisfy the following relations
As already pointed out in [13] the combination of tree-level mixing with non-diagonal field renormalization gives anti-hermitian parts, which however can be canceled by introducing counterterms for the mixing matrices themselves:
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Here we recall the basic steps to renormalize a system of Dirac fermions. 
The corresponding generic one-loop contributions are shown in Figure 2 . The on-shell conditions read as
which in turn lead to the counterterm for the masses m f i
and the following wave-function renormalization constants
for the diagonal entries, whereas for the off-diagonal ones one finds:
Gauge invariance
Before discussing the finite mass shifts for neutralinos and charginos and the question how to construct M W V in the next subsections we have to clarify a subtle point with respect to gauge invariance. The counterterms given in Equations (56)-(59) cancel the UV divergences and avoid anti-hermitian parts in the Lagrangian. However, this does not necessarily imply gauge invariance for the process as well as the one-loop masses. To achieve this we use the method proposed in [16] which is inspired by the pinch technique [18] , which defines gauge independent form factors for gauge bosons. We are aware that it has one weak point, namely a dependence on the choice of the gauge fixing for the mixing matrix counterterm. Its advantage is that it is model independent and does not rely on the details of the renormalization of physical parameters.
The basic idea of this method is to treat the gauge dependence of the counterterms for the wave-function renormalization constants differently from the ones for the mixing matrices. Therefore we calculate two variants of wave-function renormalization constants, namely in case of the neutralinos δZ 
whereas for the wave-function renormalization constants as given in general form in Equations (56)- (59) we use the full gauge dependent form. This splitting forces one to include the additional contributions from the tadpole graphs with the Goldstone bosons as shown in Figure 3 . A few remarks are in order here: for ξ V = 1 the tadpole graph contributions to the wave-function renormalization exactly cancel their contributions to δN , δU and δV in case of the considered processes. For ξ V = 1 they cancel also ξ V -dependent parts of other one-loop contributions. Moreover, they only contribute to the ultraviolet divergence for ξ V = 1 but of course the rearrangement is such that the total ultraviolet divergence cancels. The infrared divergence in case of the processes is not affected at all by this mechanism, 11 since the photon only contributes to the diagonal entries of fermionic self-energies. Last but not least we note that all these statements hold as well for the calculation of gauge invariant, ultraviolet and infrared finite masses m
in the next section, implying that we use gauge invariant counterterms for the mixing matrices including the described Goldstone contributions.
On-shell masses of Neutralinos and Charginos
A special feature of the chargino/neutralino sector is, that the number of parameters is lower than the number of imposed on-shell conditions. This implies finite corrections to the tree-level masses of neutralinos and charginos. We closely follow [9] and start with the one-loop contributions to neutralino masses δM ⊛ n and chargino masses δM
with the diagonalized mass matrices M ⊛ dia. and their counterterms δM
The bare mass matrices of the neutralinos and charginos can now be expressed as the correct on-shell mass matrix with the corrections (62) and (63) or via the tree-level mass matrix expressed in physical parameters together with the renormalization constants of those:
Therefore the relations between tree-level and one-loop mass matrices take the form:
In the following we will define the model-dependent physical parameters, write down the renormalization of the mass matrices δM n,c and identify the renormalization constants of the physical parameters, which should be fixed in the neutralino or chargino sector. Some physical parameters, namely δm W , δm Z and thus δ cos θ W are fixed in the gauge boson sector and δ tan β in the Higgs sector. In particular for δ tan β we take the DR renormalization [32] , such that UV divergences in the masses and the considered process cancel
with ∆ = 1 ǫ − γ + ln(4π). Note, that this choice maintains also the gauge invariance of masses and the considered decay widths.
MSSM
In case of the MSSM we follow [9] . The tree-level neutralino mass matrix in (12) can be written as
and the chargino mass matrix in (8) as
The variation of all given entries of the tree-level mass matrix leads to 
We will fix M 2 and µ in the chargino sector, whereas M 1 is fixed in the neutralino sector by imposing the conditions
resulting in:
For all the remaining entries of the neutralino and chargino mass matrices finite shifts ∆M n,c have to be taken into account.
NMSSM
Defining the additional angles and parameters
the tree-level mass matrix of the neutralinos is given by
and the chargino mass matrix is equal to the one in the MSSM. Beside the variations (71)- (77) and (78)- (81) already present in the MSSM one has in addition
14 whereas all the other variations δM
44 n = 0 necessarily vanish. Similar to the MSSM we will fix M 2 and µ in the chargino sector, whereas M 1 , tan β S and m S are fixed in the neutralino sector by imposing the following conditions
which results in:
For all the remaining entries of the neutralino and chargino mass matrices finite shifts ∆M n,c have to be taken into account. Note, that one could also fix δ tan β S in the Higgs sector.
Effect on the considered processes
With the procedure introduced in the last sections we can calculate one-loop on-shell neutralino and chargino masses for the MSSM and the NMSSM, namely by combining the full one loop corrections δM and mixing matrices at the one-
Note, that these masses are UV and IR finite as well as gauge independent, if one takes into account the gauge independent renormalization of the mixing matrices (62) and (63).
Instead of having the diagonal counterterm for the masses in (43) we have to replace
where δM = D * R δMD † L with δM being the physical mass counterterm and D L , D R being the rotation matrices, which diagonalize the tree-level mass matrix
L in the notation of [11] . With this counterterm one gets contributions to the non-diagonal wave function renormalization constants:
However it turns out, that these additional contributions are cancelled by the contributions to δN , δU and δV , which also have to be calculated using the new wave-function renormalization constants. This implies that the reduced number of physical parameters only has animpact on the calculated neutralino and chargino masses, but not directly on the considered processes itself. The fact, that one has finite shifts to the on-shell masses at the one-loop level leads to a complication: to obtain infrared finite results one has to take into account the emission of an additional photon as discussed in Section 4.6. Using one-loop corrected masses in these processes requires that one also has to use one-loop corrected masses in the virtual corrections. Formally this results in differences which are of higher order and indeed numerically these differences are rather small. However, the use of one-loop masses in the virtual corrections leads to a spurious gauge dependence which is of two-loop order and which eventually gets canceled by taking into account two-loop corrections. We have checked numerically in the examples presented in Section 5 that indeed this residual gauge dependence is very small.
Counterterm for the considered processes
Plugging everything together we get from the tree-level interaction in Equation (16) the counterterm Lagrangian
Therefore we define
and obtain
16 a) Figure 4 : Generic Vertex NLO corrections.
Vertex corrections
The next piece for the one-loop corrections are the vertex corrections. In Figure 4 we depict the 6 generic contributions to M V . In the Feynman diagrams a) and b) fermions and sfermions contribute as well as charginos/neutralinos together with the neutral and charged Higgs bosons. In diagrams c) and f) only charginos, neutralinos and the vector bosons (including the photon) contribute whereas in diagrams d) and e) there are in addition the charged and neutral Higgs bosons as well as the Goldstone bosons. The individual contributions from the diagrams in Figure 4 to the matrix element M V are given in Appendix A for the 't Hooft-Feynman gauge ξ V = 1. The general case ξ V = 1 leads to rather lengthy formulas which are included in the program CNNDecays [34] . Putting everything together we obtain for the width at the one-loop order including virtual corrections only
This result is UV finite, gauge independent and also not dependent on the renormalization scale Q, which cancels between the contributions from M V and M W V . However we still have to address the IR infiniteness in the next section.
Real corrections
Last but not least one has to take into account the real corrections to cancel the infrared divergences occurring due the photon contributions in the self-energy diagrams in Figures 1  and 2 or the vertex corrections in Figure 4 . Technically this is achieved by introducing a small photon mass for both, the virtual corrections and the real photon emission. The corresponding graphs are shown in Figures 5 and 6 . We calculate the real bremsstrahlung corrections according to [14] and collect the rather lengthy expression in Appendix B. We
note, that (i) due to the presence of left and right couplings, see (16) , these corrections do not factorize.
(ii) The gauge dependence of the graph with the Goldstone boson G + cancels the one with the virtual W -boson implying that the real corrections are gauge independent.
Denoting the width due to real bremsstrahlung by Γ R we obtain for the IR-finite decay width at next-to-leading order
Numerical results
Let us discuss a general feature before presenting our numerical results. Inspecting the couplings given in (17) one sees that only the wino and higgsino components of the neutralinos couple but not the bino or the singlino one. This implies a small tree-level width if the neutralino involved is either mainly bino or singlino which potentially results in large corrections to the widths considered as we will see below.
In the subsequent section we first present our results for the NMSSM benchmark points given in [35, 36] . Afterwards we consider cases where the neutralino is nearly a pure bino or singlino. There we demonstrate the additional corrections not considered so far as important as the squark/quark contributions considered in the literature [12] .
NLO masses and decay widths for benchmark scenarios
In Table 1 we recall the most important parameters of the benchmark scenarios used in our analysis based on [35] and [36] . They are minimal supergravity (mSUGRA) [35] and gauge mediated SUSY breaking (GMSB) [36] scenarios. The parameter points can also be found within NMSSM-Tools [37] . Note, that we calculate the soft breaking masses m
Hu and in case of the NMSSM in addition m 2 S from the tadpole equations, implying that they are not input parameters in CNNDecays . We do not give here the detailed soft SUSY breaking parameters but refer for this to [35] and [36] and/or the output of CNNDecays discussed in the appendix.
We show the corresponding masses m, one-loop masses m 1L and particle characters C in Table 2 . In Tables 3 and 4 we present our results for the decay widths in the mSUGRA and GMSB scenarios, respectively. Tables 3 and 4 contain beside the tree-level and one-loop corrected widths the correction factor
which is also split in the parts δ 1 = δ 1(q,q) due to squark and quark corrections and δ 2 containing the other contributions, which includes the hard photon emission for comparison with [12] . As already stated, the mass corrections m → m 1L presented in Table 2 are small, in most cases in the per-mil range. Only the light Singlino in the mSUGRA 4 scenario gets a large correction of 2.6% from squark and quark contributions.
As expected the widths are larger in case the neutralino involved has either large wino and/or higgsino components. Note, that from (17) follows that the W boson couples either to a wino-wino or a higgsino-higgsino combination. This explains several of at first glance surprising features, e.g. the fact that in mSUGRA scenarios 1 and 3 the width Γ(χ − in scenarios mSUGRA 1 and mSUGRA 3. However this can be understood from the differences in the Higgs sector. We see that the corrections are in general in the order of 1-3% but can easily go up to 10%. Table 2 : Neutralino and chargino masses m on tree-level and m 1L on one-loop-level in GeV and main particle character C for the mSUGRA [35] and GMSB [36] benchmark scenarios.
Note, that depending on the parameters the corrections can have both signs.
NLO corrections in case of bino and singlino like neutralinos
It follows from (17) that the partial width into a W -boson vanishes in the limit that the neutralino involved is either a pure bino or a pure singlino. This is the main reason that in Tables 3 and 4 the processes containing states which are to a large extent bino or singlino have small widths. However, even in the limit of pure states the corresponding couplings are induced at the one-loop level. In this section we investigate this in more detail. We consider here a wide mass range and are aware that neutralinos with masses above 1 TeV will hardly be produced at LHC and will therefore most likely require a multi-TeV lepton collider such as CLIC. All the plots and decay widths are based on tree-level masses mχ±0 i for neutralinos and charginos. The corresponding plots with the one-loop corrected masses differ only slightly and the differences are hardly visible.
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Bino decays
We define a state denoted byB to be bino-like if |N j1 | 2 > 0.5. We take benchmark point mSUGRA 1 and vary the gaugino mass M 1 for our subsequent numerical investigations. Moreover, we shift κ from 0.11 to 0.14 to disentangle different effects and to simplify the discussion. The corresponding neutralino mass spectrum is shown in Figure 7 a) as a function of M 1 and the particle character of the corresponding mainly bino-like stateB is shown in Figure 7 b). Note that at the various crossings in plot a) the index of the corresponding neutralino mass eigenstate changes. Figure 8 a) shows the LO and NLO decay width ofB →χ
TeV the level crossing with the higgsino like states occurs giving rise to the observed rise of the width with M 1 and the subsequent decrease. In the later case the decrease is strengthened by a negative interference of the higgsino and wino parts. Moreover we note that here and also in the corresponding figures below a Coloumb singularity occurs close to the kinematical threshold, e.g. close to mB = mχ± 1 + m W , which has to be resumed. As this has not been done, we start our plots slightly above this region.
The relative size of the corrections are shown in Figure 8 b) where we also compare the third generation squark/quark contribution with the additional ones. The kinks correspond to the level crossings in Figure 7 . Note that both parts of the correction can be of equal importance and that in some regions of the parameter space they cancel partly each other whereas there are also regions where they point in the same direction. It is remarkable that the loop induced corrections can be of the same order of magnitude as the tree-level widths. This however does not imply a break-down of perturbation theory but is a consequence that in the limit of a pure bino the tree-level coupling vanishes but the one-loop induced one is non-zero. 2 , see Equations (19)- (22) leading to a slight increase of the width with increasing M 1 . Also in this case the corrections can be sizable amounting up to about 15 percent.
Singlino decays
The case of a singlino-like neutralinoS, defined by |N j5 | 2 > 0.5, shows similar features to the case of a bino-like neutralino. However, there is one important difference: In the limit of a pure singlino it only couples to the doublet Higgs/higgsino states and the singlet Higgs boson. Hence one expects that the squark/quark contributions to be of less importance compared to the bino case. For the numerical investigation we choose the benchmark scenario mSUGRA 4, but reduce λ to λ = 0.01 to increase the singlino character. We vary κ between 2 · 10 −3 and 6 · 10 −2 leading to singlino masses between 100 GeV and 2.5 TeV. In this rather light particle spectrum the higgsino-like chargino has a mass of mχ± 1 = 201 GeV and the wino-like chargino has a mass of mχ± 2 = 608 GeV. The mass spectrum of the neutralinos is given in Figure 10 a) . In Figure 11 we show the details for the decayS →χ
Note that despite the decrease of the coupling due to the decrease in the wino and higgsino components with increasing κ one gets a net increase of the width due to the (mS/m W ) 2 factor. In the right plot one sees clearly that contributions of third generation squarks and quarks are less important compared to the bino case. However, the remaining contribution can amount up to about 10 percent. Also the decay into the heavier chargino shows similar features as can be seen from Figure 12 . The main difference is that the threshold effects due to on-shell intermediate states are more pronounced in this case and are mainly caused by sleptons and Higgs bosons at mS ≈ 1 TeV and by squarks at mS ≈ 1.6 TeV.
Chargino decays
In this section we present the decays of the wino-like charginoW + in a bino-or singlinolike neutralinoχ 0 1,2 , being the two lightest neutralinos in the benchmark scenario GMSB 5. We depart from the original parameters by setting M 1 = 300 GeV and µ = 600 GeV to get a rather light particle spectrum. We vary the gaugino mass M 2 between 100 and 2000 GeV. The neutralino mass spectrum is given in Figure 13 a) and the chargino mass spectrum in Figure 15 where the tree-level couplings toχ 0 2 nearly vanish due to a negative interference between the wino and higgsino contributions. We find that the third generation squark/quark contributions are in general somewhat smaller than the remaining ones. 
Conclusion
In this paper we presented the complete electroweak one-loop corrections to the partial widths for two-body decays of a chargino (neutralino) into a W -boson and a neutralino (chargino). The calculations were done for the MSSM and the NMSSM using an on-shell scheme and we have used the so-called pinch technique to achieve gauge invariance. Moreover we based the calculation of one-loop masses for neutralinos and charginos on a reasonable renormalization of the physical parameters, which are present on tree-level.
Whereas the mass corrections to neutralinos and charginos are typically in the per-mil range, the corrections to the decays are in the order of 1-10 percent, in particular if the involved neutralino is either wino or higgsino like. However in case of a small leading order decay width the corrections can be 50 percent or larger. This is the case if either there is a negative interference between the wino and the higgsino part of the couplings or if the neutralino is either mainly bino-or singlino-like, because for a pure bino or a pure singlino the tree-level width is identical zero and can only be induced at the 1-loop level. Last but not least we provide the publicly available program CNNDecays for the numerical evaluation.
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Appendix A. Formulas: Vertex corrections
In this section we present the generic formulas for the next-to leading order vertex contributions for the 't Hooft-Feynman gauge ξ V = 1 (V = W, Z). The formulas for ξ V = 1 are contained in the program CNNDecays [34] . The formulas for the self-energies can be found in [38] , from which also the derivatives with respect to p 2 can be calculated. They are also included in CNNDecays [34] .
Below we present the formulas for the generic contributions to the matrix element M V shown in Figure 4 . In addition we give the particle combinations to be inserted in these diagrams for the decayχ 0 →χ − W + neglecting generation indices. We use the following notation: H stands for one of the 2(3) scalar Higgs bosons, A for one of the 2(3) pseudoscalar Higgs bosons including the Goldstone boson and H ± for one of the 2 charged scalars including the Goldstone boson. The indices of couplings and masses in the generic formulas have to be understood in the following form: F i and F o denote the decaying and outgoing fermion, W the external W -boson, whereas F , F 1,2 , S, S 1,2 , V or V 1,2 represent possible internal fermionic, scalar or vector particles. It is understood implicitly that one has to sum over possible flavour and generation indices of the internal particles. All contributions have the same generic structure:
We start with the vertex in Figure 4 a) containing two internal fermions and one scalar. We use the following abbreviations for the couplings:
In the formulas below the Passarino-Veltman integrals have as arguments:
, m 2 S ). Possible particle insertions in the notation SF 1 F 2 are given by Hχ 0χ± , Aχ 0χ± , H ±χ±χ0 ,ννl,llν,ũud,ddu. We get:
For the vertex in Figure 4 b) we define:
For completeness we note that in case of O 1 the following internal momentum combination appears (p S 1 − p S 2 ) over which of course has been integrated. The Passarino-Veltman integrals below have the arguments
). Possible particle insertions in the notation F S 1 S 2 are given byχ 0 HH ± ,χ ± H ± H,χ 0 AH ± ,χ ± H ± A, ννl, llν, uũd, ddũ. We obtain for the different parts:
For the vertex in Figure 4 c) we define:
The Passarino-Veltman integrals below have as arguments
). Possible particle insertions in the notation V F 1 F 2 are given by Zχ 0χ± , Wχ ±χ0 . We get:
For the vertex in Figure 4 d) we define:
. Possible particle insertions in the notation F SV are given byχ ± H ± γ,χ ± H ± Z,χ 0 HW , χ 0 AW . We get:
For the vertex in Figure 4 e) we define:
The Passarino-Veltman integrals, which appear in the following formulas, have as arguments
. Possible particle insertions in the notation F V S are given byχ 0 ZH ± ,χ ± W H,χ ± W A. We obtain:
For the vertex in Figure 4 f) we define:
For completeness we note, that O 5 has the following internal momentum contribution over which has been integrated: ((p
. .). The Passarino-Veltman integrals, which appear in the following formulas, have the arguments
). Possible particle insertions in the notation F V 1 V 2 are given byχ ± W γ, χ 0 ZW ,χ ± W Z. We obtain:
Appendix B. Hard photon emission
Here we present the formulas for the hard photon emission for the Feynman graphs given in Figures 5 and 6 . We use the notation of [14] for the Bremsstrahlung integrals, which are defined for the decay of a particle with mass m 0 and momentum p 0 into two particles with masses m 1 and m 2 and momenta p 1 and p 2 and a photon with momentum q by
where the minus signs refer to the momentum p 0 of the initial particle. In this context we need the integrals I ij lk (m i , m o , m W ), allowing us to write the final result in the form
where we have introduced abbreviations
with the charges Q i and Q o of in-and outgoing particles being either 0 or 1 depending on the process considered. Due to the presence of left-and right-handed couplings to the W boson in (16) the final result of the three-body does not factorize in the two-body width times a corrections factor. The different parts are given by: This result was obtained by using FeynArts [39] and FormCalc [40] .
Appendix C. One-and Two-point functions
Next we provide some useful formulas for the one-and two-point loop functions [41] . As only part of them can be found in different places in the literature we collect here the complete set, in particular the derivatives of the two-point functions B 001 and B 111 . We remind that the UV divergent part of the integrals can be expressed as
where γ ≈ 0.577 denotes Euler's constant. For the notation of the Passarino-Veltman integrals we follow [40, 42] . 
